We present the first statistical analysis of exoplanet direct imaging surveys combining adaptive optics imaging at small separations with deep seeing-limited observations at large separations allowing us to study the entire orbital separation domain from 5 to 5000 au simultaneously. Our sample of 344 stars includes only confirmed members of nearby young associations and is based on all AO direct-imaging detection limits readily available online, with addition of our own previous seeing limited surveys. Assuming that the companion distribution in mass and semi-major axis follows a power law distribution and adding a dependence on the mass of the host star, such as d 2 n ∝ f M α a β (M /M ) γ dMda, we constrain the parameters to obtained α = −0.18 +0.77 −0.65 , β = −1.43 +0.23 −0.24 , and γ = 0.62 +0.56 −0.50 ,at a 68% confidence level, and we obtain f = 0.11 +0.11 −0.05 , for the overall planet occurrence rate for companions with masses between 1 to 20 M Jup in the range 5-5000 au. Thus, we find that occurrence of companions is negatively correlated with semi-major axis and companion mass (marginally) but is positively correlated with the stellar host mass. Our inferred mass distribution is in good agreement with other distributions found previously from direct imaging surveys for planets and brown dwarfs, but is shallower as a function of mass than the distributions inferred by radial velocity surveys of gas giants in the 1-3 au range. This may suggest that planets at these wide and very-wide separations represent the low-mass tail of the brown dwarfs and stellar companion distribution rather than an extension of the distribution of the inner planets.
INTRODUCTION
Over the last 15 years, many teams -using several telescopes on the ground and in space-surveyed young nearby stars to uncover new planets with direct imaging (Marois et al. 2008; Lafrenière et al. 2007; Delorme et al. 2013b; Macintosh et al. 2015; Naud et al. 2017) . All in all, about 1000 unique stars were observed in search of planets using first-generation adaptive optics (AO) systems, seeing-limited imaging, or space-based telescopes. The orbital separations probed by these surveys range from several au to hundreds and even thousands of au, while the detectable planet masses are restricted to that of Jupiter or higher. Some of these surveys targeted only higher mass stars (Vigan et al. 2012; Nielsen et al. 2013; Rameau et al. 2013b) , others aimed only at low mass stars (Bowler et al. 2015; Lannier et al. 2016; Galicher et al. 2016; Naud et al. 2017) , and some surveyed stars of all spectral types (Lafrenière et al. 2007; Heinze et al. 2010a; Biller et al. 2013; Chauvin et al. 2015; Meshkat et al. 2017; Uyama et al. 2017 ; Baron et al. 2018; Stone et al. 2018) . Although only a few planets have been found through these efforts, the resulting large data set can be used to inves-tigate the occurrence rate and distribution of planets as well as their dependence on the star properties.
Such studies are necessary to gain knowledge about the formation and evolution of planets at the large orbital separations probed by direct imaging. This is particularly important since the standard planet formation models -core accretion or disk instability-struggle to form planets beyond 100 au.
One of the first attempts to constrain the orbital separation distribution and the mass distribution of Jupiter-like planets was made by Tabachnik & Tremaine (2002) . Using data on 72 planets found by radial velocity (RV) and a distribution such as dn = C(M) −α (P) −β dlnMdlnP, where M is the planet mass and P the orbital period, they inferred that α = 0.11 ± 0.10 and β = −0.27 ± 0.06 for M 10 M Jup and 2 d < P < 10 yr. This idea was then pushed further by Cumming et al. (2008) who also used a power law to fit the distribution of planets with masses over 0.3 M Jup and periods less than 2000 days detected using radial velocity measurements of FGK stars. With a mass-period distribution of d 2 n = C(M) α (P) β dlnMdlnP, they obtained a constraint on the parameters of α = −0.31 ± 0.20 and β = 0.26 ± 0.10. Also based on radial velocity measurements of 166 stars, Howard et al. (2010) found that planet occurrence increases with decreasing planet mass, such as dn = 0.39M −0.48 dlnM. Dong & Zhu (2013) studied Kepler planets with P < 250 days and found that the distribution of planets in terms of periods, dn/dlnP, is proportional to P 0.7±0.1 for Neptune-sized planet and agrees with a flat distribution for Super-Earth or Earthsized planets. Fernandes et al. (2018) , based on transit and radial velocity data, described the distribution of giant planets as a broken power law in semi-major axis, showing initially an increase of planet occurrence with semi-major axis, a turnover at about 3 au, followed by a decrease. They also found a power law distribution in planet mass, showing an increase in occurence for lower masses. All of those studies mostly focus on close-in planets of various masses, and there are very few constraints on semi-major axes greater than 10 au and even fewer over 100 au. However, the distribution of planets as presented in Cumming et al. (2008) was widely used, and still is, when planning surveys with direct imaging, as a way to predict the planet yield of the survey. Constraining the planet distribution of massive planets on wide orbits is needed to get more accurate planets yields.
A few constraints on the planet distribution do exist for separations beyond 10 au from direct imaging data. For instance, Heinze et al. (2010a) used their adaptive optics planet imaging survey to rule out with 90% confidence a distribution as in Cumming et al. (2008) at separations up to 110 au. Brandt et al. (2014) used a combined sample of direct imaging data to model the population of companion with masses 5-70 M Jup and semi-major axes of 10-100 au with a power law. They found that dn ∝ M −0.65±0.60 a −0.85±0.39 , which does not agree with the distribution of planets from Cumming et al. (2008) and hints that the low-mass companions in their sample represent the low-mass tail of the brown dwarfs distribution. Reggiani et al. (2016) showed that the results from direct imaging surveys searching for substellar companions around Sun-like stars are consistent with an extrapolation of the Cumming et al. (2008) distribution to larger separations combined with the log-normal brown dwarf mass distribution from Raghavan et al. (2010) . Lastly, Meyer et al. (2018) studied planets with masses between 1 and 10 M Jup and separations between 0.07 and 400 au and found that the semi-major axis distribution is best described by a log-normal distribution peaking at about 3 au. For larger separations, there are virtually no constraints to date.
In this work, we merged different direct imaging surveys to constrain the occurrence rate and distribution of companions with masses between 1 and 20 M Jup at orbital separations of 5 to 5000 au. Section 2 describes the sample of stars and observations taken from the online archive DIVA and some other previous surveys made by our team. In Section 3, we first establish a planet detection completeness map for each target in our sample, and then use those to determine the oc-currence rate of companions and, through a Markov chain Monte Carlo (MCMC) approach, constrain the parameters governing their distributions. We discuss our results and their implications in Section 4 and conclude in Section 5.
SAMPLE
We assembled a sample of stars that were observed by AO direct-imaging planet searches, as well as by the seeinglimited PSYM-WIDE (Naud et al. 2017 ) and WEIRD (Baron et al. 2018) surveys. We focused on the stars that are confirmed members of young moving groups with ages of less than 300 Myr, meaning that they have a radial velocity measurement, a trigonometric parallax and XY ZUVW values consistent with the moving group spatial's position and space velocity, as well as independent signatures of youth, such as spectroscopic signs of low-gravity, strong X-ray or UV emission or lithium absorption. Table 1 presents the young moving groups to which our stars belong, namely TW Hya (de la Reza et al. 1989; Kastner et al. 1997) , β Pictoris (Zuckerman et al. 2001a) , AB Doradus (Zuckerman et al. 2004) , Tucana-Horologium (Torres et al. 2000; Zuckerman et al. 2001b) , Carina (Torres et al. 2008) , Columba (Torres et al. 2008) , Argus (Makarov & Urban 2000) , Carina-Near (Zuckerman et al. 2006) , Upper Scorpius (USCO, Pecaut & Mamajek 2016) , Lower Centaurus Crux (LCC, Pecaut & Mamajek 2016) , Chamaeleontis (Murphy et al. 2013) , Hercules-Lyra (Eisenbeiss et al. 2013) or Octans (Murphy et al. 2013) . We have included the star that is a member of Hercules-Lyra, even if Mamajek (2015) indicated that Hercules-Lyra might be a stream and not a real association.
The WEIRD survey (Baron et al. 2018) surveyed 177 stars of all spectral types using deep seeing limited imaging to search for giants planets on very wide orbits. A typical completeness of 2 M Jup is reached, while some stars of the younger/nearer groups have a 1 M Jup detection limit, at separations between 1000 and 5000 au. We added all the objects from the WEIRD survey in our sample, as they are all bona fide members of young associations.
The PSYM-WIDE survey (Naud et al. 2017) observed 95 M dwarfs using seeing-limited imaging, out of which only 10 were bona fide members of nearby young moving groups, the others being non-confirmed candidate members at the time of publication. However, using the Gaia DR2 release (Lindegren et al. 2018; Gaia Collaboration et al. 2018 ) and the web tool BANYAN Σ from Gagné et al. (2018) , we confirmed the membership of 34 stars out of those 85 candidates; see Table 2. The total number of bona fide members from PSYM-WIDE used in our study is thus 44. The survey reached good completeness for a mass of 10 M Jup or more at semi-major axes larger than 1000 au.
To complement the above seeing-limited observations, sensitive to the widest orbital separations, we used the DIVA (2006) archive (Vigan et al. 2017) to extract data for 119 stars that are bona fide members of young associations of less than 300 Myr and that were observed at closer separations by Masciadri et al. (2005) (2015b) . Out of the 119 stars, 73 have also been observed by the WEIRD or the PSYM-WIDE surveys at larger separations. Overall, the completeness maps of these targets reach good completeness at 3 M Jup over a range of semimajor axes of 50 to 5000 au. We also used data from the AO survey of Upper Scorpius stars of Lafrenière et al. (2014) . They list 91 stellar members of Upper Scorpius, and 84 of them have a parallax in Gaia DR2. One of them, HIP 78265, was rejected from our sample because its new Gaia parallax puts it at a distance of 590 pc, which is too far from the other members of Upper Scorpius. All other stars with parallaxes from that study were kept. This survey probes an intermediate range of semi-major axes compared to the above AO imaging survey, with a good completeness between 200 and 800 au for companions with masses as low as 10 M Jup , as the members of this association are further away than most other targets in the sample. Table 4 lists the 344 unique stars in our sample, along with their right ascension, declination, spectral type, proper motion in right ascension and declination, association, and distance. Figure 1 presents the summary of our sample. The median target has a distance of 50 pc, a proper motion of 80 mas yr −1 and an age of 24 Myr. The spectral types of the targets range from B to L dwarfs, and most of the targets are M dwarfs. Table 2 continued Seven stars in our sample are known hosts of companions (M < 20 M Jup ) on wide orbits : 51 Eri, HR 8799, β Pictoris, AB Pic, Gu Psc, TWA 27 and 1RXS J160929.1-210524. Each system is described briefly below.
• 51 Eri b is a 2-10 M Jup planet orbiting the F0IV star 51 Eri at a projected separation of ∼14 au; it was found with GPI at Gemini (Macintosh et al. 2015) . While the star is part of our sample, the companion was not detected in the data we compiled.
• HR 8799 hosts four planets of 7 +4 −2 , 10±3, 10±3 and 9±4 M Jup (Marois et al. 2008 (Marois et al. , 2010 at semi-major axes of, respectively, 70 +0.19 −0.18 , 43.1 +1.3 −1.4 , 26.2 +0.9 −0.7 and 16.2 ± 0.5 au, assuming stable coplanar orbits (Wang et al. 2018) . Rameau et al. (2013b) , whose data are part of our study, were able to recover planets b, c and d, but not planet e due to the small parallactic angle rotation of the observation. We assume in this work that HR 8799 is an A5V star member of the Columba association, although its membership has been questioned. However, signs of youth are present in the planets' spectra and Zuckerman et al. (2011) have shown that HR 8799 is younger than the Pleiades.
• β Pictoris, an A6V star member of the β Pictoris moving group, hosts a 11 ± 2 M Jup planet (Lagrange et al.
2009
; Snellen & Brown 2018) with a semi-major axis of 9.2 +1.5 −0.4 au (Millar-Blanchaer et al. 2015) . Rameau et al. (2013b) were also able to recover this companion.
• AB Pic b is a 13.5 ± 0.5 M Jup object at a projected separation of 250 au from AB Pic, a K2V star member of the Tucana-Horologium association . It was recovered by Rameau et al. (2013a) and also tentatively recovered by Biller et al. (2007) .
• GU Psc, an M3V star member of the AB Doradus association, is host to a 11 ± 2 M Jup companion (Naud et al. 2014) at an angular separation of 42 . We used the new parallax from Gaia DR2 to revise the projected separation estimate to 1998 ± 6 au. The discovery observations were part of the PSYM-WIDE survey.
• TWA 27 hosts a 4±1 M Jup companion (Chauvin et al. 2004 ) at a projected separation of 46 +37 −15 au (Blunt et al. 2017) . The host is a young brown dwarf, member of the TW Hydrae association at 52 pc. The planet was discovered using VTL/NACO but it was not detected in the images used in our survey. The sample of our study thus includes five detected planethosting stars and seven detected planets. Four of those orbit BA stars, two orbit FGK stars and one is around an M dwarf. The small number of planets around M dwarfs in our sample may seem surprising, given the large number of M dwarfs in our sample and the relatively large number of companions found by direct imaging around M dwarfs (e.g., Goldman et al. 2010; Naud et al. 2014; Kraus et al. 2014; Luhman et al. 2006; Ireland et al. 2011; Deacon et al. 2016; Dupuy et al. 2018; Delorme et al. 2013a; Bowler et al. 2013; Artigau et al. 2015; Todorov et al. 2010; Gauza et al. 2015; Itoh et al. 2005; Luhman et al. 2009; Rebolo et al. 1998; Reid & Walkowicz 2006) , but we point out that out of all those detection but only two were found around M bona fide members of young associations (Chauvin et al. 2004; Naud et al. 2017 ).
ANALYSIS
We used the 7-σ detection limits as a function of angular separation provided by the DIVA archive, by Baron et al. (2018 ), by Naud et al. (2017 and by Lafrenière et al. (2014) to build the completeness maps for each target. We first defined a 100x100 grid of masses and semi-major axes, with the masses equally spaced in logarithmic scale between 1 and 20 M Jup and the semi-major axes equally spaced in logarithmic scale between 5 and 5000 au. At each point of the grid, 10 4 planets were simulated, each having an eccentricity taken randomly from the beta function eccentricity distribution reported in Kipping (2013) , which is taken from the eccentricity distribution of RV planets as well as a random inclination and orbital phase, which then yield a projected separation for each planet. Following the method described in Baron et al. (2018) and using the AMES.Cond evolution models (Allard et al. 2001; Baraffe et al. 2003) to convert the planets masses to flux, we compared the planet's magnitudes to the detection limits found earlier to assess the detectability of each planet. If the detection limits were provided in planet-to-star contrast, they were converted into detection limit in planet absolute magnitude using the star's magnitudes. We then obtained completeness maps for all the stars in the sample. If a given star was observed by two or more surveys, the most sensitive detection probability was adopted at each point of the mass-separation grid, and we assumed that the exoplanet did not move on its orbit between the different observations. As some of the calculations that follow will need it, a similar completeness map was calculated for each star but this time directly over a grid of projected separations instead of semi-major axes. For this latter approach, there was no need to draw orbital parameters randomly as the fiducial planets were directly generated at projected separations that can be compared directly with the detection limits.
At 5000 au, about half of the stars in the sample have a > 60% probability of detecting a companion of mass anywhere in the range 1-20 M Jup , while about 20% of the stars have this same probability at 20 au, and 10% at 5 au. We choose a lower mass limit of 1 M Jup as observations from the WEIRD sample reach sufficient completeness (> 50%) at this mass for large semi-major axis (> 1000 au). The upper mass limit of 20 M Jup was chosen to exclude the brown dwarf companion population, as radial velocity data suggest a natural dividing line between planets and brown dwarfs somewhere in the 25-45 M Jup range (Sahlmann et al. 2010) . Figure 2 shows the average completeness maps for (a) the 220 objects with WEIRD or PSYM-Wide images (seeinglimited), (b) the 119 targets with only the AO observations from the DIVA archives, (c) the 83 Upper Scorpius targets with only AO observations and (d) the 73 targets that were observed by AO and either WEIRD or PSYM-WIDE. The known companions discussed above are overplotted. Note that the semi-major axis is used when known; otherwise, the projected separation is used as a semi-major axis. The maps show that the AO images are sensitive to companions with masses of about 7 M Jup or higher at a completeness of 70% with a semi-major axis between 50 and 300 au, or a completeness of 50% for semi-major axes larger than 20 au. The seeing-limited observations, on the other hand, are mostly sensitive to semi-major axes above 500 au for masses above 3 M Jup with a completeness of 70%. As panel d) demonstrates, combining AO imaging with wide-field imaging enables a good semi-major axis coverage as well as a decent companion mass coverage. Panel e) shows the average completeness maps for the entire survey. Overall, the survey is mostly sensitive to object more massive than 3 M Jup at semimajor axes between 500 to 1500 au.
Frequency of companions
Using the individual completeness maps for all targets in the sample and the statistical formalism presented in Lafrenière et al. (2007) , a frequency f of stars that have at least one companion with a mass between 1 and 20 M Jup and semi-major axis between 20 and 5000 au was evaluated. For this first analysis, we chose to focus on the 20-5000 au range of semi-major axis, as this is where we reach the most interesting completeness to constrain the occurence rate. Even though we have some sensitivity at smaller separations, extending this analysis to cover smaller separations would lead to larger uncertainties because the completeness is significantly smaller below 20 au. Assuming that N is the total number of stars in the sample and k is the ith star of said sample, then the results of the survey can be summarized by the set {d k }, where the value of d k is 1 if one (or more) companion is detected around star k and d k is 0 otherwise. If p k is the probability that such a star hosts a companion that would be detected given the detection limits of the observations if indeed it was there, then the likelihood of the data for a given value of f is given by the binomial likelihood :
(1)
If p( f ) is the prior probability of f , then according to Baye's theorem, the posterior distribution for f , in light of the data, is given by,
The prior p( f ) represents the best knowledge about the posterior distribution of f based only on information that is independent from the current analyses. To apply Bayesian statistics in a way that only depends on the available data and the given likelihood, it is appropriate to use a non-informative prior (Berger et al. 2009 ). Here, we used a non-informative Jeffrey's prior, which is appropriate for the binomial likelihood, and is given by :
The maximum of the posterior distribution is obtained for the most likely value for f . An equal-tail credible interval (α=0.95) can be determined from,
We applied the above procedure to constrain f over various semi-major axis intervals and for planet masses from 1 to 20 Mjup. To compute p k we simply averaged the above completeness maps over the appropriate region of semi-major axis and planet mass of our grid; this amounts to assuming the planets are distributed uniformly in logarithm scale in both mass and semi-major axis. Figure 3 shows the posterior distributions obtained for the full semi-major axis range probed by our study, as well as for two sub-ranges, 20-1000 au and 1000-5000 au. is for AO observations of nearby young associations, sensitive to shorter orbits, (c) is for AO observations of stars the more distance Upper-Scorpius association, sensitive to intermediate separations (d) is for the subset of stars in nearby associations that were observed with both seeing-limited observations and AO, e) is average completeness map for the overall survey and f) is the same as e) using cold-start models.
posterior distributions, we can infer a frequency of companions with masses between 1 and 20 M Jup for the corresponding ranges of semi-major axes. First, for the 20-1000 au range which contains the detection of companions around 4 stars of the sample (AB Pic, HR 8799, HIP 78530 B and 1RXS J160929.1−210524), we obtained a frequency of 2.17 +6.85 −0.73 %, at 95% confidence level. For the 1000-5000 au range which contains only one companion (GU Psc b), we inferred a frequency of 0.3 +2.6 −0.1 %, at a 95% confidence level. This is much lower than at shorter separations, and is easily understood as this range contains much fewer detections despite having better sensitivities on average. For the overall range of semi-major axes probed here (20-5000 au), we obtained a frequency of 2.61 +6.97 −1.00 %, at 95% confidence level. Figure 4 shows the frequency that we found and those obtained by the individual surveys included in our study over a similar companion mass range and for various ranges of semi-major axes. Here, the horizontal bars represent the ranges of semi-major axes while the vertical error bars correspond to the uncertainty interval on the frequencies (at a 95% confidence level). The surveys included in our sample cover a wide range of spectral types, but some of the other surveys focused on M dwarfs and others on A stars. The surveys in our study that focused on wide orbits (20-1000 au) found overall marginally higher frequencies than those that focused on very wide orbits (1000-5000 au). This is consistent with the frequencies that we calculated in both intervals. Table 3 presents, for context, a compilation of several literature results for the occurrence of giant planets based on direct imaging surveys. We can also compare our results directly to others surveys to show that we get similar results. First we compare to the meta-analysis from Bowler (2016) . Using the same analysis as previously in the interval of 5-13 M Jup and 30-300 au for all spectral types, we obtain a occurrence of 1.83 +5.76 −0.62 %, comparable to the overall occurrence rate of Bowler (2016) of 0.6 +0.5 −0.7 %. We also compare our analysis to studies that targeted M dwarfs, as our survey has a good number of them. In the range 500-5000 au and 1-13 M Jup , Naud et al. (2017) obtained a frequency of 0.84 +6.73 −0.66 %. For the same range of semi-major axis and masses, we get 0.3 +2.75 −0.06 %, which is comparable within uncertainties to Naud et al. (2017) . We also compare with Galicher et al. (2016) and we obtained an occurrence of 1.79 +7.5 −0.49 %, comparable to their 1.05 +2.80 −0.70 %, in the range of 1-14 M Jup and 20-300 au.
Constraining the distribution of companions
We used a Markov Chain Monte Carlo approach to constrain the distribution of companions as a function of their mass and semi-major axis. We used the same mass-semimajor axis grid in the 5-5000 au interval for the calculation of the completeness maps, and we use index i to refer to a is represented by a thick plus sign. The frequency from the current analysis is shown as a black square for the range 20-5000 au, a black triangle for the range 1000-5000 au, and a dark circle for the range 20-1000 au. The horizontal bars represent the ranges of semi-major axes, while the vertical error bars show 95% credible interval for the companion frequency. given bin in mass, index j to refer to a given bin in semimajor axis, index s to refer to a given bin in projected separation axis and index k to refer to a given star out of the total sample of N stars surveyed. The completeness maps as a function of the projected separation, calculated earlier, are noted as C k,is . The set {d k,is } denotes the detection made by the observations, such that d k,is is 1 if there is a planet detected in bin i, s for star k, otherwise d k,is is 0. In our calculations, detected companions were assigned to the projected separation bin s when they were detected in the images used in our study.
As a first case, we assumed that the distribution of planets follows a power law in mass and semi-major axis,
where dn is the expected number of companions with a mass in the range [M, M+dM] and semi-major axis in the range [a, a+da], f is the overall mean number of planets per star (what we also call the frequency of planets), and C is a normalization constant ensuring that the overall expected number of companions per star found by integrating dn over the full mass and semi-major axis is equal to f . For a given bin (i, j), the expected number of companions is found by integrating over the bin, which yields, if α = −1 and β = −1 :
or if α = −1 and β = −1
where
. The number of companions expected in a bin (i, s), of given mass and projected separation, is equal to the number of companions expected in bin (i, j), of mass and semi-major axis, multiplied by the probability p(s| j) of the companions to be observed at projected separation s given their semi-major axis j, and summed up over all semi-major axis bins,
The probability p(s| j) is computed using a Monte Carlo simulation assuming the same eccentricity distribution as before, and accounting for random orientations and phases of the observations. Factoring in the completeness of the observations, the expected number of detected planets in bin (i, s) for star k is thus C k,is n is . Assuming that the presence of a planet in a given bin does not depend on the presence of other planets in other bins and using Poisson statistics for each bin and each star, we have that the probability P of obtaining the observed results in a given bin given the assumed models is given by :
Thus, the likelihood of the whole survey results is obtained by multiplying the above probability for all bins and all stars :
This is the form we used in the calculations that follow. The set {d k,is } for our survey includes the detection of seven companions, as mentioned in Section 2. In this section, we consider the full range of separations from 5 to 5000 au, rather than only 20 to 5000 au as in the previous analysis; a justification will be provided later.
To constrain the parameters α, β and f that define the companion distribution, we used the emcee (Foreman-Mackey et al. 2013) Python implementation of the affine-invariant MCMC ensemble sampler of Goodman & Weare (2010) . The MCMC sampler iteratively generates, for each of several random walkers, a sequence of samples for the three parameters in our model. We used uniform priors on all parameters (in log scale for f ) and we defined the starting parameter values for the walkers to be drawn randomly from a uniform distribution between −3 and 1 for log f , between −4.9 and 4.9 for α, and between −4.9 and 4.9 for β. We discarded the first 25% of the steps as the burn-in phase and considered that remaining of the samples was representative of the posterior densities. The likelihood function is computed at each iteration, for each set of parameters. At each step, the sampler tries to move the walkers randomly in the parameter space: if the new set of parameters corresponds to a higher probability density part of the posterior distribution, then the move is accepted, otherwise, the new set can be accepted or rejected depending on the trial positions. The sampler thus mostly probes higher probability region of the parameter space and the final output samples are representative of the posterior distributions for each parameter of the model. Figure 5 shows the results for 200 walkers and 1000 steps. The results indicate that α = −0.08 +0.75 −0.63 , β = −1.41 +0.22 −0.24 and f = 0.12 +0.11 −0.06 , where the uncertainty corresponds to 68% confidence intervals. This indicates an increased planet occurence for smaller semi-major axes, while the planet mass distribution shows a marginal decrease with mass. The parameters α and β show no correlation between each others.
Results from RV surveys have shown that the host star mass is correlated with the presence of planets ). In the case of planets on wide orbits, there seems to be no significant trend in planet frequency with host mass (Bowler 2016) or a moderate trend (Lannier et al. 2016) that would indicate that planets on wide orbits may be more common around more massive stars. To investigate this, we added a dependence on the host star mass in the distribution of planets. The planet distribution then becomes,
The mass of each star in the sample was estimated from either its spectral type or its J-band absolute magnitude. For stars with spectral types from late-B to late-K, we used the evolution models of Siess et al. (2000) to estimate the mass from the spectral type and the age. For stars with spectral types of M0 or later, we used models from Baraffe et al. (2015) to estimate the mass from the J-band magnitude and the age. The masses for the earlier-type stars (<late-B) were taken from Lafrenière et al. (2014) , where they were estimated using the evolution models of Schaller et al. (1992) . Lastly, the mass of HIP 100751 was taken from David & Hillenbrand (2015) .
This new model has four parameters. In our MCMC, we used the same initial ranges for our walkers for the three parameters we had previously, and for γ we used random values in the range −4.9 to 4.9. We used uniform priors on all parameters, 200 walkers and 1000 steps. The results are shown on Figure 6 . No correlation is seen between α and β, γ and β or α and γ. However, the frequency f is correlated to all other parameters. Our results indicate that the best parameter values are α = −0.18 +0.77 −0.65 , β = −1.43 +0.23 −0.24 , γ = 0.62 +0.56 −0.50 and f = 0.11 +0.11 −0.05 . The values for α, β and f are consistent within uncertainties to the values obtained with the previous models. The added parameter γ shows that the number of planets is correlated with the host star mass, such that massive stars host more planets in the separation and mass domains considered here.
As mentioned above, in this section we considered the full range from 5-5000 au instead of the 20-5000 range used in section 3.1. To verify our choice of orbital separation range, we repeated the calculations in this section but over the 20-5000 au range, and in the case where the distribution is described by Equation 6, we obtained α = −0.10 +0.75 −0.65 , β = −1.58 +0.29 −0.26 and f = 0.23 +0.35 −0.15 . Thus, both semi-major axis intervals favor similar alpha and beta, but the overall planet frequency is significantly higher and has much larger uncertainties for the 20-5000 AU interval (although both agree within uncertainties). The higher uncertainty on the frequency for the 20-5000 au range can be understood on the basis of the favored slope of the semi-major axes distribution, which puts much more planets on shorter orbits. The effect of a change in planet frequency is thus more pronounced at the shortest separations, and neglecting the observational information that we have in the 5-20 au interval, even if incomplete, has a big impact on the frequency uncertainty. For the analyses in this section, we decided to keep the range that provides the lowest uncertainties, namely the 5-5000AU interval.
Comparison with cold-start models
The analysis described in the earlier sections uses hot-start models. However, it is possible that planets on wide orbits formed through a cold-start. For planets at more than hundreds of au separations, this would likely mean that they formed in the disk at smaller separations and migrated out. In the cold-start models, an accretion shock is created by freefalling gas onto the protoplanet, which irradiates the gravitational potential energy away from the core. This leaves newly-formed planets with low entropies and luminosities. Young massive planets are much fainter in cold-start models than in hot-start models. This effect is particularly important for young objects as the luminosity for both hot and coldstart models is similar at 200 Myr and beyond, as the initial conditions effects are washed away by evolution.
To investigate the impact that a cold-start formation would have on our results, we did one more analysis similar to those presented in Section 3.1 but this time we used cold-start models from Fortney et al. (2008) . The Fortney et al. (2008) models give T eff and R for given masses as a function of age. To use these models for our purpose, we first had to interpolate the given values at the ages of the stars in our sample and on our grid of masses; because the models were available only up to 10 M Jup , we linearly extrapolated the models from 10 to 20 M Jup to complete our grid, neglecting luminosity bursts due to deuterium burning for objects more massive than 13 M Jup , and we calculated synthetic magnitudes for all filters used in our study. To do so, we used synthetic spectra from the BT-Settl atmospheric models, scaled to the luminosity of the models, in combination with the appropriate filter response functions. The synthetic spectra are only available for log g = 4 and effective temperatures ranging from 400 to 600 K; when the surface gravity of the models was below 4, we used a synthetic spectrum with log g = 4. Furthermore, the cold-start models yield planets with effective temperatures in the range 170-560 K, extending much below the lowest temperature (400 K) of the synthetic spectra. The effective temperatures of the cold-start models in the range 400-600 K were thus interpolated into the atmospheric grid at temperatures of 400, 500 or 600 K, effective temperatures in 350-400 K were extrapolated, while temperatures below 350 K were considered too cold to be detected. We were then able to calculate cold-start contrast maps for each star. The completeness maps for the cold-start models are not as good as for the hot-start models, since companions of mass 1-20 M Jup are much fainter in the former models. Indeed, a 10 M Jup can be five magnitudes fainter in cold-start models than in hot-start models. Still, with the cold-start completeness maps, we inferred the frequency of companions of masses between 1 and 20 M Jup , and separations of 5-5000 au as we did previously in Section 3.1. In the case of the coldstart models, the set {d k } is 0 for all targets, as all detected companions would be more massive than 20 M Jup according to those models. We obtained an upper limit of 5.2%, at 95% confidence level, for companions with masses in 1-20 M Jup and separation in the 5-5000 au range, which is only slightly higher than the companion frequency inferred from hot-start models.
DISCUSSION
The frequency of Jupiter-like planets has been evaluated many times before from surveys made with other techniques than direct imaging. One study often quoted is that by Cum- Mayor et al. (2011) found that 9.7±1.3% of stars host a gas giant (>0.3 M Jup ) with a semimajor axis <4.6 au. Taken at face values and in comparison with the RV results, our results indicate that giant planets are less frequent above 5 au than below, even when summing the planet population all the way up to 5000 au. One possible caveat here is that our imaging survey has very little sensitivity to planets below 1-2 M Jup , and thus that a population low-mass giant planets may be unnaccounted for in our results.
Estimates of giant planet occurrence were also derived from microlensing surveys. Based on the OGLE survey follow-up by the PLANET collaboration, Cassan et al. (2012) find that 17 +6 −9 % of stars host massive planets (0.3 − 10 M Jup ) with a semi-major axis between 0.5 and 10 au. This frequency is marginally higher than the one we infer here from direct imaging surveys, 2.61 +6.97 −1.00 % for the 20-5000 au range. If we assume that about 10% of the microlensing survey results is accounted for by planets below 5 au, per the above RV results, then the remainder would be in very good agreement with our results. In turn, this would indicate that within our range of sensitivity most of the planets at the larger separations would be located toward the small semi-major axes, which is indeed as we observed in our sample.
Another caveat to our results is that our mass determinations are indirect, relying on mostly uncalibrated evolution models. If young giant planets are much fainter than expected by hot-start models, then possibly much more than currently estimated could have been missed by the observations, leading to an underestimate of giant planet occurrence at large separations. Our results based on the cold-start models suggest that this is however not the case. Giant planets thus seem to be less frequent at large separations than small separations even when applying cold-start models.
It has often been assumed that the companion mass and semi-major axis distribution of the radial velocity planets can be extrapolated for planets onto larger orbits, at least up to some point. Converting the Cumming et al. (2008) period distribution mentioned in the introduction into a semi-major axis power-law distribution, in line with eq. 6, yields a value of β = −0.69 ± 0.15. This means that giant planets on short orbits are more common than on wide orbits. Our value for β of -1.43 +0.23 −0.24 , which is significantly different from that of Cumming et al. (2008) , possibly hints that the more massive planets (several M Jup or more) on orbits 5 au probed here are part of a different population than the less massive RV planets at 3 au. 2008) is not consistent with the one we measure, as noted earlier, the slope from Fernandes et al. (2018) at separations greater than the snow line is marginally consistent. The slope reported by Brandt et al. (2014) for more massive, 5-70 M Jup , companions is also marginally consistent with ours. Overall, we measure a sharp decrease with semi-major axis, which is broadly consistent with the distribution of planets with a semi-major axis greater than 3 au seen with RV and with brown dwarfs companions to main-sequence stars. (2009) is drawn in green and in orange from Brandt et al. (2014) . The distribution of stellar companions from Duchêne & Kraus (2013) is shown in navy blue. The distribution of companions from this work is drawn in pink. The slope our distribution is consistent with slopes from the distribution of brown dwarfs or stellar companions. Only the slopes are depicted here, and all curves are normalized at a mass of 1 MJup. lar companion distribution rather than the continuation of the distribution of planets observed at smaller semi-major axes. Vigan et al. (2017) compiled 12 direct imaging surveys and compared the results to models based on the gravitational instability formation scenario from Forgan & Rice (2013) . In that study they showed that, assuming that companions form by the gravitational instability process, the models predict that the occurrence of companions increases with separation between 1 and 20 au but decreases slowly with separation beyond. This change in the distribution with semi-major axis might be an evidence for a change of populations where the closer planets would be a population of non-scattered planets while the planets on wide orbits would be coming from a population of scattered planets. Qualitatively, our results at large separations agree with the simulations as we find a number of companions that decreases with semi-major axes. However, our slope is steeper that the slopes presented in Vigan et al. (2017) .
Surveys focusing on probing the binary fraction of stars of all spectral types tend to show that the binaries with a lowmass component decline in number and have closer separations (Raghavan et al. 2010) . Also, binary fraction decrease with decreasing mass (Chabrier et al. 2005; Fontanive et al. 2018) . Those results are consistent with our work, as our results show that companions are more frequent for more massive host stars.
CONCLUSIONS
We used an MCMC analysis to put constraints on the distribution of 1-20 M Jup companions at separations of 5-5000 au from a compilation of direct imaging surveys using the DIVA archives, a survey of Upper Scorpius, the PSYM-WIDE survey and the WEIRD survey. We used a distribution of planets in the form of a power-law in mass and semi-major axis of planets and host star mass. In general, we found that the occurrence of planets increases with smaller planet masses, closer orbits, and around more massive stars. Moreover, our constraints on the mass distribution shows that it is in better agreement with the mass distribution of brown dwarfs and stellar companions than it is with the distribution of planetary companions found by radial velocity at smaller separations.
The constraints on the distribution of companions found in this work depend on and are limited by the number of planets that the sample holds. In particular, while a wide range of semi-major axis is covered by the seven planets, the range in mass is rather narrow, as all the planets have very similar masses. This prevents us from reaching strong constraints on the α parameter controlling the power-law distribution in planet mass. Thus, the search for planets using direct imaging should continue, to uncover a larger and more diverse sample of planets enabling to better constrain their distribution.
In this work, we have chosen to fit our sample with a single power-law distribution. The next step in this project would be to use different distributions, for example a broken powerlaw in planet mass. This particular distribution would be motivated for instance by the work from Santos et al. (2017) who have found evidence of a change in the population of giant planets at 4 M Jup . They suggest that the lower-mass planets are formed by the core accretion process, while the more massive planets are mainly formed through the gravitational instability scenario, with an overlap of the two processes at 4 M Jup . Also, Reggiani et al. (2016) suggested a superposition of two different populations to explain their null results from direct imaging. They coupled the brown dwarf companion distribution to the planet companion distribution truncated at about 100 au. This new distribution has a minimum for companion masses in 10-50 M Jup , which can explain the lack of objects in this range of masses without having to introduce another formation process for brown dwarfs. This is another distribution that could be investigated with our sample, or preferably, with an expanded sample containing more detected companions and spanning a wider range of companion masses.
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